Introduction
Since the first publications on the M41S family of silicate and aluminosilicate mesoporous molecular sieves, disclosed by the scientists of the Mobil Corporation Strategic Research Center [1, 2] ordered mesoporous materials have stimulated great interest in the scientific community, principally, in the fields of catalysis and materials science [3] [4] [5] [6] [7] [8] [9] . The Mobil Composition of Matter No. 41, MCM-41 material, with an hexagonal array of unidirectional tubular pores and other important features such as extremely high surface area and porosity, narrow pore size distributions and pore size adjustable from ~2 to 10 nm is one of the ordered mesoporous structures most studied. It is well known that pure silicas are catalytically inactive. However, catalytic activity, acid or redox, can be generated by modification of the siliceous framework by heteroelements such as Al and Ti. The synthesis of Ti-MCM-41 was reported for the first time in 1994 [10, 11] and it became extremely important, from the point of selective oxidation reactions, because it opened new possibilities for conversion of bulky substrates. Nevertheless, this and other fields of application can be substantially reduced due to lack of stability under process conditions. Therefore, the structural stability namely, thermal, mechanical and hydrothermal, of mesoporous titanosilicates are key factors in their practical applications.
Various authors have investigated the hydrothermal stability of purely siliceous MCM-41 [7, [12] [13] [14] [15] as well as of metal substituted MCM-41 materials [16] [17] [18] [19] . The improvement of hydrothermal stability of those mesoporous materials has also been subject to extended research [20] [21] [22] [23] [24] . However, there are relatively few publications in the literature related to the hydrothermal stability of Ti-MCM-41 materials. Rhee et al. [25] reported that the Ti-MCM-41 structure collapsed under mild reaction conditions for phenol hydroxylation with H 2 O 2 . F.-S. Xiao et al. [18] reported the collapse of the ordered hexagonal structure of Ti-MCM-41 materials after treatment in boiling water for 120h. On the other hand Chen et al. [16] also assessed the hydrothermal stability of Ti-MCM-41 materials subjected to various aqueous treatments and reported that the incorporation of Ti into the material can improve the structural stability. Furthermore the stability studies summarised before were performed on hydrothermally synthesised materials and the different experimental conditions used makes difficult a direct comparison of the materials. In previous work we have shown that well structured and catalytically active Ti-MCM-41 could be prepared by a room temperature method [26, 27] and the thermal and mechanical stability have been evaluated and compared with silica MCM-41 [28] . Therefore the purpose of the work presented here is to study the hydrothermal stability of the Ti-MCM-41 materials prepared by this method with different metal content.
Experimental
Synthesis. The Ti-MCM-41 samples were prepared by direct synthesis at ambient temperature and pressure, using tetraethoxysilane (TEOS), titanium ethoxide (Ti(OEt) 4 ) in propan-2-ol (2-PrOH), octadecyltrimethylammonium bromide (C18TMABr) and ammonia (NH 3 ). The synthesis procedure was previously reported [27, 29] . The Ti-MCM-41 samples are designated by TiEp18-x where x corresponds to the nominal molar ratio Si/Ti. The pure silica sample designated Si18 was prepared using C18TMABr, in the same way as the Ti-MCM-41, but without the addition of the alcoholic solution of the titanium alcoxide, following a procedure previously reported by Grün et al. [30] .
Characterisation. All samples were characterised by X-ray diffraction (XRD), nitrogen adsorption at 77K and diffuse reflectance UV-Vis spectroscopy (DR UV-Vis). The XRD measurements were carried out on a Bruker AXS-D8 Advance powder diffractometer, using CuKα radiation (40kV, 40mA), with a step size of 0.01º (2θ) and 5s per step. Nitrogen adsorption isotherms at 77K were determined on a CE Instruments Sorptomatic 1990, using helium (for dead space calibration) and nitrogen of 99.999% purity supplied, respectively, by Linde and Air Liquide. Prior to the determination of the adsorption isotherms, the samples were outgassed for 8h at 453K, achieved using a heating rate of 1Kmin -1 . The total surface area, A s , external surface area, A ext, and the pore volume, V p , were estimated from the corresponding α s plots, constructed using standard data for adsorption of nitrogen on nonporous partially hydroxylated silica [31] . The mesopore widths, D p , and the pore size distributions, PSD, were calculated from the nitrogen adsorption isotherms using the film thickness and a modified Kelvin equation proposed by Kruk-Jaroniec-Sayari (KJS) [32] , in the Barrett-JoynerHalenda (BJH) method [33] . Pore wall thicknesses, t s , were estimated with the expression t s = a o -D p .
DR UV-Vis absorption spectra were recorded on a Varian Cary 5-E UV-Vis-NIR spectrometer equipped with a Praying Mantis unit for diffuse reflectance measurements. PTFE was used as reference. All spectra were acquired under ambient conditions. The Si/Ti values of the final calcined materials, presented in table 1, were determined by ICP analysis.
Hidrothermal stability studies. In order to study the hydrothermal stability the powdered calcined samples (0.125g) were in boiling water (12.5cm 3 ) for 12h, under static conditions without agitation. All the samples were recovered by filtration, washed with double distilled water, dried at 343K and analysed, without further calcination, by X-ray diffraction and nitrogen adsorption at 77K. The resulting samples have an extra H in the designation.
Results and Discussion
Powder XRD patterns and nitrogen adsorption isotherms, at 77K, determined on samples Si18 and TiEp18-x before and after 12h in boiling water are shown, respectively, in Figs. 1 and 2. The
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results of the structural characterisation by XRD and analysis by the α s method of the nitrogen adsorption isotherms at 77K of the samples studied are presented in Table 1 . It can be inferred that the principal features of the XRD patterns, the 3 or 4 diffraction peaks which can be indexed to a two dimensional hexagonal lattice, are essentially maintained after 12h in boiling water. For all samples a slight decrease in the degree of structural ordering is observed, as the intensity and definition of the peaks diminish, with the effect being more pronounced in the pure silica MCM-41 and in the Ti-MCM-41 sample with the lower Ti content. Moreover the unit cell contraction (1.4-2%) is practically insignificant. Additionally, no peaks at higher angles were observed (results not shown), indicating the absence of any crystalline phases.
It can also be seen that all samples present type IV nitrogen adsorption isotherms typical of MCM-41 materials. However, a general overview of these results clearly indicates two distinct behaviours in the evolution of the pore structural parameters after 12h in boiling water, with the higher content samples suffering less pronounced structural changes. In fact it can be observed that in the case of the pure silica sample, Si18, and on the Ti-MCM-41 sample with the lower Ti content, TiEp18-100, there occurred reductions of pore volume, V p , of 23% and 18%, respectively, whereas for the Ti-MCM-41 samples with higher metal contents, TiEp18-50 and TiEp18-10, the decreases in pore volume observed, namely 9% and 5%, are almost negligible. Additionally, the comparison of the other structural results of characterization by XRD and nitrogen adsorption a 77K, namely, pore width, D p , and pore wall thickness, t s , before and after the treatment in boiling water, confirm that the structural changes occurred during the hydrothermal treatment to a higher extent for Si18 and TiEp18-100. In these cases, a loss of pore size uniformity is inferred by the broadening of the PSD and the appearance of a shoulder for larger pore sizes. This is also evident from the corresponding isotherms, with the appearance of a hysteresis cycle in the isotherm at the top of the pore filling step. Furthermore, the degradation after 12h in boiling water includes the slight decrease of the pore width, 5%, and the increase of pore wall thickness, 12-17% of the mesostructured part that remained. By contrast, it can be seen from the pore size distributions for TiEp18-50 and TiEp18-10, that the good pore size uniformity of the original samples is not significantly altered in the case of these higher titanium content samples. The decreases in pore width as well as the increase of the pore wall thickness are almost negligible, respectively 3% and 3-6%, which denotes that the major part of the mesoporous structure remained practically unchanged.
DR UV-Vis spectroscopy is one of the main spectral techniques used for characterising the nature and coordination of Ti in titanosilicates [34] . The DR UV-Vis spectra of calcined samples prepared with different titanium content are shown in Fig. 3 . In those figure the DR UV-Vis spectra of pure silica MCM-41 sample Si18 and anatase are also presented. The DR UV-Vis spectra of the pure silica MCM-41 sample clearly shows a lack of absorption bands which proves unequivocally that the absorption observed in the Ti containing samples is due to Ti species. On the other hand, the absence of an absorption band at ~330 nm indicates that a separate anatase-like phase is not formed in any Ti-MCM-41 samples even for the high metal content as already mentioned. With regard to Ti-MCM-41 it can be assume that all Ti-MCM-41 samples contain isolated Ti species incorporated in the silicate structure as the maxima at ~200nm (TiEp18-100 and TiEp18-50) and ~225 (TiEp18-10) can be ascribed to a charge transfer from oxygen ligands to tetracoordinated titanium (LMCTligand-to-metal charge transfer) in isolated tetrapodal (Ti(OSi) 4 ) or tripodal (such as, for instance, Ti(OH)(OSi) 3 ) units. The presence of partially polymerised species with Ti-O-Ti bonds [34, 35] can not be excluded. Additionally, a visible shoulder at ~270 nm indicates the presence of Ti species in higher coordination environments (pentaor hexacoordinated species) which can appear upon hydration by insertion of water molecules as extraligands. The slightly increase of the maximum of absorbance observed in DR UV-Vis spectra of the TiEp18-50 sample, in comparison with the TiEp18-10, is due to a higher Ti content.
For the higher Ti content sample, TiEp-10, the broadening of the band to higher wavelength, indicating the increase of the amount of penta-and hexacoordinated species [34, 35] , is evident. In that case, the formation of partially polymerised species with Ti-O-Ti bonds or even nanodomains of amorphous TiO 2 -SiO 2 , is more likely to occur as the metal content is already very high.
The results presented demonstrate that the titanium containing materials are undoubtedly more stable than the pure silica sample and that the structural stability of these materials increased with increasing Ti content. The introduction of titanium in the framework of MCM-41 contributed to maintain the mesoporous structure and for Si/Ti≤50 greatly improved the hydrothermal stability of MCM-41 materials, prepared at room temperature, after 12h in boiling water. The hydrothermal stability of mesoporous materials depends on the inherent pore wall properties, where water molecules interact with the pore wall surface [36] . It is recognised that water molecules adsorbed on silanol surface groups (SiOH) cause the hydrolysis of siloxane bonds (Si-O-Si) resulting in the gradual deterioration of the inorganic silica walls and, eventually to the collapse of the ordered mesoporous silicate structure [21] . Therefore the hydrothermal stability is mainly influenced by wall thickness and/or the degree of polymerisation of the pore walls as demonstrated in several studies [7, 17, 19, [21] [22] [23] 37, 38] .
As can been inferred from Table 1 all the samples studied have similar values of pore wall thickness (1.00 ± 0.03nm). So, one possible explanation for the superior hydrothermal stability of the mesoporous titanosilicates, can be a higher degree of polymerisation of the inorganic pore walls containing titanium as was previously suggested for Al-MCM-41 materials prepared by a similar procedure [19] . Taking into account that the most hydrothermally stable material is the Ti-MCM-41 sample with high metal content, it can be concluded, that the presence of extra framework titanium can also contribute to the enhancement of stability in boiling water by shielding the siloxane bonds and avoiding the interaction with water molecules.
The findings of this study are in agreement with those previously obtained for Ti-MCM-41 [26] and Al-MCM-41 [26, 39] materials prepared by a similar procedure, which demonstrated that the introduction of titanium or aluminium into MCM-41 leads to a considerable increase in the stability towards prolonged exposure to water vapour at room temperature in comparison with the pure silica grades [40] and, more recently, with those which demonstrated that the same mesoporous titanosilicates also have a superior thermal stability in comparison with the pure silica grades [28] .
It should be pointed out that the Ti-MCM-41 samples prepared by this room temperature procedure with Si/Ti≤50 are hydrothermally stable after 12h in boiling water and seem to have hydrothermal stability comparable to that of hydrothermally synthesised Ti-MCM-41 [16] or even higher [18] although the different experimental conditions used in the various hydrothermal stability studies makes a direct comparison difficult.
Summary
The results presented in this work show that Ti-MCM-41 materials prepared with Si/Ti≤50 are hydrothermally stable after 12h in boiling water under static conditions as can been demonstrated by the small differences of total surface area, pore volume, pore width and pore wall thickness before and after hydrothermal treatment.
The hydrothermal stability was found to be dependent on the Si/Ti molar ratios used in the synthesis, with Ti-MCM-41 materials with higher titanium content having a superior resistance to boiling in water.
Although Ti-MCM-41 samples are prepared using the same synthesis conditions as Si-MCM-41 and the pore wall thickness values are similar in both types of MCM-41 materials, the mesoporous titanosilicate samples show a higher hydrothermal stability than the pure silica samples. This fact is
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Energy and Environment Engineering and Management probably correlated with a higher degree of polymerisation of the pore walls and with the presence of extra framework titanium. On the basis of the hydrothermal stability demonstrated in combination with the mechanical and thermal stability in air previously reported [28] we can conclude that this synthesis method, performed in a short period of time at ambient temperature and pressure, fulfil the purpose of preparation of Ti-MCM-41 materials with considerable stability and, consequently, with good potential to be used as catalysts, photocatalysts and liquid phase adsorbents.
